We report applications of dynamic nuclear polarization to enhance proton and vanadium-51 polarization of vanadyl sulfate samples doped with TOTAPOL under magic angle spinning conditions. The electron paramagnetic resonance response stemming from the paramagnetic 51 V species was monitored as a function of pH, which can be adjusted to improve the enhancement of the proton polarization. By means of cross-polarization from the proton bath, 51 V spins could be hyperpolarized. Enhancement factors, build-up times, and longitudinal relaxation times T 1 ( 1 H) and T 1 ( 51 V) were investigated as a function of pH.
Introduction
Vanadium possesses two NMR active isotopes, , [1] which can be found in rare minerals [2] and food supplements. The usual source of vanadyl ions is vanadyl sulfate (VOSO 4 ), which has been widely studied for the treatment of diabetes [3] [4] [5] and has effects on several mammalian enzymes. [6] The salt is water-soluble and, depending on pH, can form different hydroxides. [7] [8] [9] At 2 < pH < 4, the vanadyl ion is mainly present as a pentahydrate [ 3 ] À , which is known to be EPR active. [7] In the presence of oxygen, vanadyl can be oxidized into vanadate (V V ), which may result in a much more complex chemical system. [9] Solid-state NMR in combination with magic angle spinning (MAS) is widely used to measure inhomogeneous interactions such as anisotropic chemical shifts and quadrupolar and dipolar couplings, all of which yield information about the local environment of quadrupolar nuclei such as 51 V nuclei. [10] [11] [12] [13] [14] Dynamic nuclear polarization (DNP) can be induced in the presence of paramagnetic centers by strong microwave irradiation to improve the polarization of protons by a factor ε DNP ( 1 H).
In combination with cross polarization CP( . The combination of MAS, DNP, and CP is becoming a method of choice in high-field solid-state NMR. [15, 16] Proton DNP combined with heteronuclear polarization transfer has been successfully applied to various quadrupolar nuclei such as 14 N, 17 O, and 27 Al. [17] [18] [19] [20] [21] DNP requires paramagnetic electrons with a suitable longitudinal relaxation time T 1e . Off-resonance irradiation near the EPR line leads to a transfer of polarization from the electrons to nuclear spins, with a theoretical maximum enhancement of 660 for protons with respect to thermal polarization. For biradicals such as TOTAPOL, the main mechanism for polarization transfer at 9.4 T and 100 K is the cross effect [15, 16] involving two electron spins and one proton spin. The efficiency of this polarization transfer mechanism can be affected by other EPR transitions. [15, [22] [23] [24] [25] [26] [27] [28] [29] [30] Careful selection of two radicals with different EPR line shapes and different T 1e can lead to improved DNP enhancements. [25] [26] [27] 31] However, paramagnetic agents with very short longitudinal relaxation times T 1e or with much greater line widths than TOTAPOL may be detrimental for DNP enhancements, especially at high concentrations when they may increase the leakage of polarization. [23, 26, 28] DNP with 51 V in solution can also be achieved using the Overhauser effect. [32] In solids, DNP can be achieved using high-spin metal ions [33] or other radicals. [34, 35] In this study, we explore the efficiency of DNP in frozen solutions of vanadyl sulfate, doped with the biradical TOTAPOL as a function of pH. The variation of the proton DNP enhancement as a function of pH can be related to the simultaneous presence of two distinct paramagnetic agents that may or may not interfere with each other. We demonstrate that direct 51 V DNP can also be achieved on the same samples, albeit with modest enhancement factors. At high pH, the enhanced proton polarization can be best transferred to the quadrupolar 
Experimental
The NMR experiments were performed using a Bruker 9.4 T magnet with a field-sweep capability of ±0.075 mT (±2.1 GHz), operating at 400 MHz for 1 H and 263 GHz for EPR, using a gyrotron with a maximum output of 5 W. A triple-channel MAS probe operating at temperatures near 100 K was used with 3.2-mm diameter thinwalled zirconia rotors. [18] In order to study DNP in the presence of the two distinct para-
2+ and TOTAPOL, we prepared two series of solutions, all with 8 mM TOTAPOL, with and without vanadyl sulfate. The pH was adjusted with 1 M NaOD or DCl using a Hach pH meter, model H160. In the first stage, 40 mM VOSO 4 .5H 2 O was dissolved in D 2 O, using NaOD or DCl for pH adjustment. At a pH around 12 and above, the color of the solution was yellow. All solutions in D 2 O were left to rest for 24 h before freezing, without observing any precipitation. Note that after 24 h, the yellow color had vanished at high pH, although the pH has not changed during this interval. This suggests a low concentration
À , which is consistent with the EPR spectrum in Fig. 1 
(d).
We did not observe any precipitation at neutral pH [7] but at a concentration of only 40 mM, it is possible that some precipitation was not directly visible to the eye. Glycerol and H 2 O with TOTAPOL (with final ratios of glycerol : D 2 O : H 2 O = 50 : 40 : 10 (v : v : v)) were added in order to obtain a glass-forming mixture with a final concentration of 16 mM vanadyl sulfate. The solutions were left to rest for one more hour before freezing for NMR-MAS experiments. The pH of the sample containing water and glycerol at room temperature was measured with a pH meter without correcting for the effects of glycerol. EPR spectra of samples containing 16 mM vanadyl and 8 mM TOTAPOL were taken at room temperature for three samples at pH 3.5, 7.2, and 12.2 ( Fig. 1) . The solutions were transferred to thin-walled 3.2-mm zirconia rotors suitable for DNP, cooled in the low-temperature MAS probe until the nominal temperature 100 K was reached and spun at ν R = 10 kHz. Comparison of the proton polarization enhancements for two sets of samples, both with 8 mM TOTAPOL but with and without 16 mM VOSO 4 at different pH, is shown in Fig. 2 . In addition, two samples of 16 mM vanadyl sulfate without TOTAPOL were prepared at pH 3.1 and 12.4 to evaluate DNP enhancements stemming only from the paramagnetic vanadyl ions (Table 1) .
V) was performed with a 2 μs 90°p roton pulse followed by a contact time of 4 ms with ν 1 ( 51 V) = 100 kHz and ν 1 ( 1 H) = 80 kHz. The spinning frequency was ν R = 10 kHz in all cases. The lineshape due to the central transition of the 51 V in the spectra of Fig. 2(b) is nearly isotropic. The Hartmann-Hahn match was optimized experimentally, and ν 1 ( 1 H) = 80 kHz and ν 1 ( 51 V) = 100 kHz agree with the simple case of two S = 1/2 spins, for which one expects ν 1 ( 1 H) = ν 1 ( 51 V) + nν R . In our case, ν R = 10 kHz and n = 2. Proton spectra were acquired using rotor-synchronized spin echoes with τ def = τ ref = 1/ν R = 100 μs to avoid phase distortions and spurious background signals. Proton build-up times τ DNP ( 1 H) and proton longitudinal relaxation times T 1 ( 1 H) were measured by saturation recovery experiments. The enhancements ε DNP ( 1 H) were measured by comparing signal intensities observed with rotor-synchronized spin echoes with and without microwave irradiation.
EPR Spectra
All EPR spectra were acquired at room temperature with an X-band EPR spectrometer designed by Bruker, Model EleXsys E500. Standard . If the curves are assumed to agree with monoexponential functions, these delays allow the recovery of 98% of the polarization. All 51 V spectra were obtained by triggering signal acquisition on top of a rotor-synchronized spin echo (either after CP or after a 90°excitation pulse). The amplitudes of these spectra were normalized with respect to the Boltzmann equilibrium. The equilibrium spectra (and direct DNP spectra for 51 V) are displayed below the hyperpolarized spectra for comparison. For all three spectra, a spectral width of 500 kHz was selected and referenced with respect to the central transition of Na 3 VO 4 placed at À545 ppm, thus suggesting a vanadate species. Data were treated with TOPSPIN, and graphs were plotted with MATLAB. first derivative of absorption spectra was recorded using 100 kHz magnetic field modulation with a peak-to-peak amplitude of 5 G. Figure 1 shows EPR spectra of 40 mM VOSO 4 in D 2 O (Fig. 1(a) ) and samples containing 8 mM TOTAPOL and 16 mM vanadyl in glycerol : D 2 O : H 2 O = 50 : 40 : 10 ( Fig. 1(b-d) ).
In the EPR spectrum, the characteristic narrow signal of TOTAPOL dominates over the broad features of vanadyl, especially in samples with neutral to high pH, as can be seen in Fig. 1(b-d) . At low pH, 40 mM vanadyl in D 2 O shows a clear response ( Fig. 1(a) ), with a width extending over 2 GHz. Still at low pH, in a sample containing 16 mM vanadyl and 8 mM TOTAPOL, the wide vanadyl signals overlap with the narrow signal of the nitroxide biradical (Fig. 1(b) ). Fig. 2(b) . Samples doped only with TOTAPOL show proton DNP enhancements ε DNP ( 1 H) = 12.3 ± 1.2. These enhancements may have suffered from the use of non-deuterated glycerol and opaque zirconia instead of transparent sapphire rotors. The enhancements were also hampered by the use of low (8 mM) concentrations of TOTAPOL and high spinning frequencies. [18] In the samples containing both V 2+ and TOTAPOL at pH <6, the enhancements were much smaller than for samples containing only TOTAPOL. This is consistent with vanadyl ions acting as a sink of polarization leakage. Near neutral pH, the enhancements approach those obtained with only TOTAPOL. This observation is consistent with the disappearance of the EPR response because of the aggregation and precipitation of vanadyl hydroxides. For higher pH (Table 1) Table 1 .
Proton Polarization
At neutral pH, according to Francavilla and Chasteen, [7] and as confirmed in Fig. 1(c) , the vanadyl EPR response vanishes. This observation pleads in favor of an EPR response stemming only from TOTAPOL in this pH range and therefore explains that the enhancements are similar to those acquired with TOTAPOL as unique paramagnetic agent. Table 1 shows that, in the absence of TOTAPOL, vanadyl complexes only contribute weakly to the proton relaxation rates at pH = 12.4. Indeed, no EPR signals of vanadyl ions can be observed in Fig. 1(d) , using the same acquisition parameters as in Fig. 1(b) . Nevertheless, in solutions at high pH, one expects another EPR signal coming from vanadyl ions. [7] A small paramagnetic contribution of vanadyl ions in samples with only VOSO 4 at pH = 12.4 is coherent with the significant difference between the proton DNP build-up time τ DNP ( 1 H) = 94 s and the proton longitudinal relaxation time T 1 ( 1 H) = 130 s. A small concentration of another paramagnetic agent in addition to the one being used for DNP, such as demonstrated with gadolinium in other studies, [26] could indeed change or improve the DNP enhancement. [25, 26] Vanadium-51 NMR In this study, 51 V NMR spectra could only be obtained for samples with a pH around 11 and above, either by direct excitation or by using CP. A sample containing 16 mM vanadyl sulfate and 8 mM TOTAPOL at pH 12. Fig. 2(b) ). A fit with SOLA (Topspin) of the central transition of the 51 V spectrum yielded a quadrupolar coupling constant C Q = 703 kHz and an asymmetry parameter η = 1.0.
Conclusions
It has been possible to hyperpolarize protons in frozen solutions containing 16 mM vanadyl ion V IV O 2+ and 8 mM TOTAPOL at various pH, at temperatures near T = 100 K and spinning frequencies ν R = 10 kHz. The enhancement ε DNP ( 1 H) of the proton polarization increases with pH, which can be correlated with the effects of pH on the EPR response of the vanadyl radical. The pH can be adjusted to 'silence' the EPR response of the paramagnetic vanadyl species so that the EPR response of TOTAPOL becomes dominant. At pH >11, we obtained similar or better enhancements ε DNP ( 1 H) in samples containing both TOTAPOL and VOSO 4 than in samples containing only TOTAPOL. These observations are reminiscent of effects previously observed when doping DNP samples with small amounts of gadolinium.
At high pH, the EPR response of vanadyl was not visible using the same EPR acquisition parameters as those used for samples at low pH. However, it is possible to deduce the presence of a small amount of a paramagnetic agent from the difference between τ DNP ( 1 H) = 94 s and T 1 ( 1 H) = 130 s at pH 12.4, as stated in the literature. [7, 8] In combination with TOTAPOL, this paramagnetic agent at low concentrations could increase the proton enhancement.
The proton polarization can be enhanced by DNP by a factor ε DNP ( 1 H) ≈ 10, with a proton build-up time τ DNP ( 1 H) ≈ 10 s, which is seven times shorter than T 1 ( 51 V) ≈ 70 s in a sample at pH 12.3 containing TOTAPOL and vanadyl. Direct DNP of vanadium-51 with ε DNP ( 51 V) = 1.4 with respect to thermal equilibrium is possible in this sample, but the indirect enhancement using proton DNP and CP( 1 H → 51 V) is to be preferred because it yields ε DNP À CP ( 51 V) = 9. In 51 V complexes aimed at mimicking the effects of insulin, the enhanced proton polarization could be transferred by CP not only to 51 V but also to 13 C or 31 P.
